The generation of a coherent ion flow due to the injection in a plasma of a purely electrostatic wave of finite amplitude, propagating at right angle with the ambient uniform magnetic field, is investigated making use of a kinetic code which solves the fully non linear Vlasov equations for electrons and ions, coupled with the Maxwell equations, in 1 spatial and 2 velocity dimensions.
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The computation of the first order moment of the ion distribution function shows that indeed a quasistationary transverse average ion drift velocity is produced. The time evolution of the ion distribution function undergoes a "resonant" interaction of Landau-type, even if the plasma ions are strongly magnetized (ω ci /ω pi ≈ 0.5). During the wave-plasma interaction, the electron distribution function remains Gaussian-like, while increasing its energy content.
I. INTRODUCTION
In the last years it has been predicted by several theoretical studies [1] [2] [3] [4] that the ion Bernstein waves (IBWs), which are compressional electrostatic waves in hot magnetized plasmas, can be effectively used to generate sheared poloidal flows in a tokamak plasma.
This would produce localized so-called "transport barriers", which would reduce the energy leakage from the plasma core towards its periphery. The physical mechanism through which IBWs influence the energy transport in a plasma relies on the generation of a poloidal ion flow with a radial gradient, around the spatial region of high absorption (the fourth ion cyclotron harmonic in FTU [5] ), thus shortening the correlation length of the turbulent fluctuations [6] . Few experiments, where IBWs have been excited by exploiting the conversion of an electron plasma wave at the lower hybrid resonant layer, in a high temperature plasma, have shown the effective occurrence of poloidal sheared flows [7, 8] and the enhanced confinement properties of the target plasma [5] .
According to the present understanding, the ion flow generation can be ascribed to the radiofrequency induced Reynold stress, and to the direct momentum input from the wave to the resonant absorbing ions. The present analysis is aimed to elucidate the intimate nature of the latter mechanism, which can be better controlled from the outside due to the effective absorption of IBWs in a hot plasma and to its good radial localization at an high order ion cyclotron harmonic.
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The motion of an ion in the presence of a constant magnetic field and under the action of a perpendicularly propagating purely electrostatic wave has been studied in Ref. [9] [10] [11] (see also [12] ). There, the frequency of the pump was taken several times higher than the ion cyclotron frequency (ω 0 ≈ 30ω ci , that is in the lower hybrid frequency range), and, independently of how the frequency was close to an ion cyclotron harmonic, a stochastic regime of interaction was observed. This early analysis differs substantially in what we are presenting in this paper, since we are interested in the ion response to a pump wave with a much lower frequency, in particular close to one of the first cyclotron harmonics (the fourth one in the specific case here considered).
A recent analytical investigation has been based on the study of the single particle trajectories of the ions in the presence of a strong uniform magnetic field, under the action of a monochromatic propagating electrostatic wave with frequency of the order of the fourth ion cyclotron harmonic. It has been shown that the transverse (both to the wave propagation and to the magnetic field directions) ion average velocity is produced by the Lorentz force in the form of a particle drift at the second order in the wave amplitude [13] . An essential ingredient is to correctly describe the nonlinearity in the particle trajectory, due to the propagating electric field, which is at the origin of the ion drift. These results are obtained in the frame of an expansion of the motion equation for small amplitude; this assumption can be quite limiting for IBWs which can develop strong electric fields due to their low group velocity.
In the present paper we investigate the interaction of a given, purely longitudinal, propagating wave with a magnetized electron-ion plasma, by means of a kinetic Vlasov-Maxwell numerical code [14, 15] . The aim of our study is to elucidate the nature of the generation of an average transverse ion velocity due to the action of the externally excited wave. The IBW is modelled by the pump wave which is characterized by a frequency in the range of the fourth harmonic of the ion cyclotron frequency, and by a wavelength of the order of the Larmor radius of a thermal ion. The hydrodynamic and kinetic aspects of the wave-plasma interaction are discussed with reference to the regime of interaction in the IBW experiment in FTU [5] .
Recently, kinetic Vlasov simulations have revealed themselves as a unique tool to investigate the microscopic and the macroscopic aspects of the interaction of propagating and standing longitudinal waves in a multi-component plasma [16] [17] [18] . In particular, several non linear processes like wavebreaking, particle trapping, anomalous heating, particle acceleration, and ponderomotive effects, which are related to the finite amplitude of the pump field, are consistently described in a kinetic framework. In this paper, we apply such a powerful method of investigation to the case of a magnetized electron-ion plasma.
In Sect.II the physical model is presented. In Sect.III the time evolution of the macroscopic physical quantities is discussed and the generation of an average transverse ion flow is shown. Sect.IV is devoted to the evolution of the electron and ion distribution functions.
An extended discussion of the results is contained in Sect.V. Finally, in Sect.VI the main physical achievements of the work are summarized.
II. THE KINETIC MODEL
The present analysis is based on the numerical integration of Vlasov-Maxwell system of equations for a two component plasma immersed in an externally applied uniform magnetic field (B 0 = B 0 e z ), under the action of a pump longitudinal wave propagating perpendicularly to it (its wavevector being k = ke x ). The system of equations, written in dimensionless variables, reads:
Moreover, the (normalized) propagating electrostatic field E dr (x, t) = a sin(ω 0 t − k 0 x) is applied to the system throughout the interaction time. In the above equations, the following normalization rules have been adopted: The chosen values correspond to quiver parameters
for electrons and ions, respectively, whereṽ α = q αÊdr /m α ω 0 is the quiver velocity of the particle of species α in the oscillating electric field of peak amplitudeÊ dr and angular frequency ω 0 . Here, the charge state Z and the mass number A of the ions have been introduced. On the basis of such estimates, an almost linear ion dynamic is expected, while electrons could manifest a non linear response to the applied field. As we shall see in the next Sections, the picture is more complicated in that the kinetics of the interaction will lead to a strongly non linear coupling between the wave and the ions.
III. THE FLUID PLASMA RESPONSE
In the present Section the time evolution of the normalized fluid quantities associated with the electron-ion fluid is discussed. In particular, we shall speak in terms of the number density,
of the fluid velocity
and of the temperature, or average internal energy
of each α-species.
The Vlasov code [20] When the the pump wave is switched on, after few ion cyclotron periods, a stationary state is established in which the ions oscillate around an average negative U iy while the electron oscillations do not manifest any specific transverse drift velocity. These behaviours are preserved even after performing a spatial average of U αy over the entire x-range of integration. In Fig.1 Fig.1 , where the normalized drift velocity v ed = E x /B z is also plotted (dashed lines) superimposed to the istantaneous y-component of the electron fluid velocity U ey . Here, the drift velocity has been computed using the electric field which is solution of the Poisson equation, Eq. (2), and the magnetic field which is the sum of that initially applied (the dominant one) plus the small component which is generated during the interaction. The dephasing and the different amplitudes between the two curves can be ascribed mainly to the convective term in the fluid equation of motion.
The average non-zero ion drift velocity in the y-direction, < U iy >, is clearly visible in The oscillations on the moments of first order of the ion distribution function are due to its non-equilibrium character acquired under the action of the pump wave. Moreover we expect that the ion distribution function is asymmetrically distorted in the U iy direction.
We shall discuss the kinetic aspects of the interaction in the next Section.
The spatial distribution of the ion fluid velocity U iy is shown in Fig.3 at t = 60, for ω 0 = 1.93 (a), and for ω 0 = 1.7 (b). It is seen that in both cases the response of the plasma contains harmonics which are nonlinearly generated during the interaction. On the other side, no harmonic content appears in the x-component of the macroscopic ion velocity, as it is seen in Fig.4 .
In addition, plots of the ion plasma density (which we do not display here) show regular oscillations at ω = ω ci in time, and at k = k 0 in space, of peak amplitude ±5%.
All these evidences bring us to the conclusion that although the pump wave couples with both the transverse (to the magnetic field) degrees of freedom of the ions, the ion motion in the y-direction displays some specific features which will be investigated in more detail in the next Section.
In Fig.5 the ion energy content, as defined by Eq. (7), is plotted versus time for a = 10 
IV. THE EVOLUTION OF THE PARTICLE DISTRIBUTION FUNCTIONS
In this section we examine the time evolution of the distribution functions of the ions and of the electrons under the action of the pump wave described in Sect.II.
We begin by considering the ion phase spaces (x, v x ) and (x, v y ). In Fig.8 plasmas has been discussed in Refs. [23, 24] . Strictly speaking, for very high frequencies, i.e. ω 0 >> ω ci , the wave interaction can be treated as the ions were unmagnetized, over few wave cycles only. Over longer times it is expected that the proper features of the magnetized ions would become dominant. However we should stress that in our simulations the ion trapping 9 persists over times much longer than the ion Larmor period. Indeed, in our case ω 0 = 4ω ci appears to be enough to make the interaction of this type for the whole integration time, corresponding to about 10 ion cyclotron periods. It is worth noticing that the effect of the presence of the magnetic field is to transfer the trapping process from the v x -direction (k 0
has the x-component only) to the v y -direction. The vertical dotted lines in Fig.9 indicates the resonant velocity ranges where ion trapping is expected in an unmagnetized plasma, according to the discussion in Sect.V. For the sake of completeness, we wish to remind that, from a quasilinear point of view, since k || = 0 and no relativistic dependence of the ion mass on the ion velocity is considered, the well known linear resonant condition reads ω = nω ci (n being a positive integer), and strictly speaking no resonant velocity exist [21] .
The time evolution of the ion distribution function under the action of the pump wave is shown in Fig.10 , The electron distribution function behaves much more smoothly. As it is seen from Fig.11 , its shape remains Gaussian-like even if it is broadened. As we mentioned in Sect.III, the electrons see the pump as an almost uniform and slowly oscillating electric field. In addition, electrons are also acted upon by the discrete frequency spectrum localized around the electron cyclotron frequency (see Fig.6 ), which is at the origin of the "heating" of the electrons.
V. DISCUSSION OF THE RESULTS
The kinetic analysis which has been presented in this paper shows that the non linear character of the interaction of a finite amplitude electrostatic wave propagating at 90 degrees with respect to an externally imposed magnetic field leads to the generation of a transverse drift ion velocity of definite sign. This effect cannot be explained in the frame of a linear theory. The symplest physical mechanism which can be invoked to explain the appearance of a transverse (to both k 0 and B 0 ) average (over many wave periods) ion flow is the momentum transfer from the propagating wave to the resonant ions. If a photon associated with an iB wave, with momentumhk 0 =hk 0êx , is absorbed by a resonant ion spiralling around the magnetic field, the x-component of the ion momentum, p x , increases to p x = p x +hk 0 . Herê e x represents the unitary vector in the x-direction. Then the ion orbit is modified in such a way that its Larmor radius increases (decreases) at larger (smaller) x-displacement from its center of gyration, leading to an overall average ion drift in the negative y-direction (the same result has been found in ref. [13] ). From a macroscopic point of view, this effect can be interpreted as due to a force F w (of the second order in the wave amplitude), exerted by the iB waves on the resonant (and therefore, absorbing) ions and due to the spatial variations of the intensity of the incoming electrostatic wave. An F w × B 0 ion drift then arises which, in the geometry which we have considered, is directed as −ê y . We observe that the basic nonlinearity due to the deformation (anisotropy) of the ion trajectory with respect to the (isotropic) circular one poses an obstacle to the use of the standard quasilinear theory to investigate the process of transverse flow generation, due to the assumed isotropy of the unperturbed particle orbit around the magnetic field [21] . In addition, the fact that the wavelength is of the same order of the ion Larmor radius is a necessary condition to the flow generation since under such conditions the ions "see" a propagating wave, instead of a dipole field as if λ 0 >> ρ Li .
One important result of our investigation is that during the wave-plasma interaction the ion distribution function becomes strongly distorted preferentially in a velocity range which 11 looks directly correlated to the wave phase velocity.
The process of Landau damping and the subsequent ion trapping at the wave phase velocity in the presence of a magnetic field have been described in Refs. [22, 23] , and later in Ref [24] , on the basis of a single particle analysis. In the early papers, the non linear behaviour of an ion under the action of a lower hybrid wave, in the presence of a uniform magnetic field, has been investigated by studying the particle trajectories. The aim of that work, and of successive papers [9] [10] [11] , was to assess the heating efficiency of electrostatic waves beyond the linear approximation, retaining particle trapping effects and exploiting the stochasticity of the ion motion.
The main idea is that, when a longitudinal wave interact with a magnetized charged particle its orbit is distorted in a non trivial way by the applied electric field. Its effect emerges more evident when the pump amplitude is finite and its wavelength is of the same order of the particle Larmor radius. Over a single Larmor orbit, if the wave frequency is appreciable larger than the cyclotron frequency, Landau damping and the consequent trapping occurs since pieces of the ion trajectories can be approximated by straight segments, that is ions behave as unmagnetized. Following [23] we calculate the lower and upper boundaries of the trapping region in velocity space. From the inequality |v − ω 0 /k 0 | < (a/k 0 ) (in normalized units), we find that trapping would occur in the range 3.8 × 10 −3 < v < 7.2 × 10 −3 , which turns out to be a good estimate of the location and of the extension of the plateau in Fig.9 . Moreover, the estimate of the maximum ion heating during one
, well fits with the corresponding value taken from Fig.5 . However, the numerical integrations we have performed show that this regime of interaction is not limited to the first Larmor period, but extends at least over ten cyclotron orbits.
Observe that some of the consequences of the actual orbit shape can be hidden if a gyrophase average is performed over the particle trajectory, as it is the case when the standard quasilinear theory is developed. Under such conditions, transverse directed average particle motions (like the transverse drift discussed in this paper) are canceled out, as well as the Landau-like interaction showed in Figs.8-10 .
Finally, our model assumes a uniform applied magnetic field. The small z-component of the magnetic field which is produced during the interaction does not affect this basic assumption. However in a real experiment the magnetic field gradient will define a well localized "resonant" region, that is an x-range where the equality 4ω ci (x) = ω 0 can be considered well satisfied, within which the wave absorption effectively occurs. In this case, the resulting inhomogeneity of the iB wave intensity when crossing the absorbing layer will be also at the origin of a (ponderomotive) force F pm ∝ −∇E 2 ê x , which also is expected to drive a transverse ion drift along −ê y .
VI. SUMMARY
The generation of a coherent ion flow due to the injection of a purely electrostatic wave of finite amplitude propagating at right angle with the externally imposed uniform magnetic The principal results of this work can be summarized in the following points:
i) a quasistationary transverse (to both the magnetic field and pump wavevector) average ion drift velocity is produced quite independently of the pump frequency and amplitude. A stronger ion flow is generated when the "resonant condition" ω 0 = 4ω ci is verified, even if on the basis of the present simulations this effect was observed only at a = 10 −3 .
ii) Over more than 10 ion cyclotron periods (the full time interval of our integrations) the wave-plasma interaction manifests the features of the particle trapping in the velocity range of the wave phase velocity, whose width turns out to be well described by the formula ∆v ≈ 2 eE 0 /m i cω pi . It can be considered as a remnant of the particle trapping in an isotropic plasma. This has important implications on the correct way of determining the rate of energy transfer from the pump wave to the plasma, as can be easily realized if we think that the well established quasilinear theory for magnetized plasmas does not predict the existence of resonant particles for pure perpendicular propagation (since we are treating keV ions, we ignore their relativistic mass shift).
iii) Such an interaction produces plateau regions in the ion distribution functions in both v x and v y directions, but in an asymmetric way: population inversion occurs only for negative v y 's, which is at the basis of the apperance of the transverse ion flow along the negative y-axis.
iv) The non linear spectral broadening both in the frequency and wavevector domains predicted by the full Vlasov approach enriches the physical picture of the wave-plasma interaction. In particular, electrons turn out to be heated due to the non linear generation of spectral structures around the electron cyclotron frequency and its second harmonic, while the electron distribution function remains Gaussian-like.
Finally, we wish to stress once more that all the above mentioned results are consequences of using a Vlasov-Maxwell code, which demonstrates itself a unique tool for the investigation of the physics of wave-plasma interaction.
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